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ABSTRACT The initiation of Escherichia coli chromosomal DNA replication starts
with the oligomerization of the DnaA protein at repeat sequences within the origin
(ori) region. The amount of ori DNA per cell directly correlates with the growth rate.
During fast growth, the cell generation time is shorter than the time required for
complete DNA replication; therefore, overlapping rounds of chromosome replication
are required. Under these circumstances, the ori region DNA abundance exceeds the
DNA abundance in the termination (ter) region. Here, high ori/ter ratios are found to
persist in (p)ppGpp-deficient [(p)ppGpp°] cells over a wide range of balanced expo-
nential growth rates determined by medium composition. Evidently, (p)ppGpp is
necessary to maintain the usual correlation of slow DNA replication initiation with a
low growth rate. Conversely, ori/ter ratios are lowered when cell growth is slowed
by incrementally increasing even low constitutive basal levels of (p)ppGpp without
stress, as if (p)ppGpp alone is sufficient for this response. There are several previous
reports of (p)ppGpp inhibition of chromosomal DNA synthesis initiation that occurs
with very high levels of (p)ppGpp that stop growth, as during the stringent starva-
tion response or during serine hydroxamate treatment. This work suggests that low
physiological levels of (p)ppGpp have significant functions in growing cells without
stress through a mechanism involving negative supercoiling, which is likely medi-
ated by (p)ppGpp regulation of DNA gyrase.

IMPORTANCE Bacterial cells regulate their own chromosomal DNA synthesis and
cell division depending on the growth conditions, producing more DNA when grow-
ing in nutritionally rich media than in poor media (i.e., human gut versus water res-
ervoir). The accumulation of the nucleotide analog (p)ppGpp is usually viewed as
serving to warn cells of impending peril due to otherwise lethal sources of stress,
which stops growth and inhibits DNA, RNA, and protein synthesis. This work impor-
tantly finds that small physiological changes in (p)ppGpp basal levels associated
with slow balanced exponential growth incrementally inhibit the intricate process of
initiation of chromosomal DNA synthesis. Without (p)ppGpp, initiations mimic the
high rates present during fast growth. Here, we report that the effect of (p)ppGpp
may be due to the regulation of the expression of gyrase, an important enzyme for
the replication of DNA that is a current target of several antibiotics.

KEYWORDS chromosome initiation, DNA replication, Escherichia coli, growth rate,
ppGpp

mong bacterial second messengers, the (p)ppGpp nucleotides are often thought
to be key regulators of many of the cellular physiological responses of growing
cells to severe nutritional starvation or physical stress. In part, this is because stress can
provoke a dramatic burst of (p)ppGpp that soon reaches levels approximating those of

March/April 2020 Volume 11 Issue 2 e03223-19

Citation Ferndndez-Coll L, Maciag-Dorszynska
M, Tailor K, Vadia S, Levin PA, Szalewska-Palasz
A, Cashel M. 2020. The absence of (p)ppGpp
renders initiation of Escherichia coli
chromosomal DNA synthesis independent of
growth rates. mBio 11:€03223-19. https://doi
.0rg/10.1128/mBi0.03223-19.

Editor Gary M. Dunny, University of Minnesota
Medical School

This is a work of the U.S. Government and is
not subject to copyright protection in the
United States. Foreign copyrights may apply.
Address correspondence to Michael Cashel,
cashelm@mail.nih.gov.

Received 5 December 2019

Accepted 30 January 2020

Published 10 March 2020

mBio" mpio.asm.org 1


https://doi.org/10.1128/mBio.03223-19
https://doi.org/10.1128/mBio.03223-19
mailto:cashelm@mail.nih.gov
https://crossmark.crossref.org/dialog/?doi=10.1128/mBio.03223-19&domain=pdf&date_stamp=2020-3-10
https://mbio.asm.org

Fernandez-Coll et al.

GTP and can have severe effects on physiology. These major adjustments to very high
levels of (p)ppGpp are usually viewed as ensuring bacterial survival, whether in
free-living environments or for pathogens trying to survive in hosts.

Both pppGpp and ppGpp are analogs of GTP and GDP that accumulate in response
to nutritional and physical stress throughout the bacterial kingdom and in plant
chloroplasts (1-3). Early observations of (p)ppGpp in Escherichia coli suggested a
regulatory role in RNA control during the stringent response to amino acid starvation
(4, 5) and documented both the inhibition and activation of gene expression by
(P)PPGpp (6, 7). The accumulation of (p)ppGpp provokes a still-growing list of intricate
adjustments of gene expression, metabolism, and cell physiology that favor survival (8).

Several genetic studies on E. coli provided further insights into (p)ppGpp functions.
First, it was found that the complete absence of (p)ppGpp [(p)ppPGpp°], occasioned by
the deletion of genes that encode both (p)ppGpp synthetases in E. coli (relA and spoT),
results in multiple amino acid requirements (9-11). The addition of 9 amino acids
(DEILVFHST), known as the X set, allows balanced exponential growth of (p)ppGpp®
strains (12). Second, a series of constitutive suppressor mutants of the single (p)ppGpp
hydrolase (SpoT) have been isolated, which display incremental elevations of (p)ppGpp
basal levels that are associated with a progressive decrease of balanced growth rates
despite the absence of stress (13). Finally, spontaneous mutants that suppress the
amino acid auxotrophy of (p)ppGpp® strains are found to occur in the RNA polymerase
RpoB, RpoC, and RpoD subunits (14, 15). These mutants display regulatory patterns that
mimic those of (p)ppGpp but in the absence of (p)ppGpp (10). This can be taken to
implicate regulatory functions exerted by (p)ppGpp that operate through effects on
transcription. A large number of (p)ppGpp-mediated regulatory effects occur at the
level of promoter activation or inhibition (16), but many regulatory interactions also
occur through the binding of (p)ppGpp to specific proteins (17).

Classical experiments revealed a fundamental relationship: the DNA, RNA, and
protein contents of E. coli cells were found to covary as a function of the rates of
balanced exponential growth; this regulatory relationship came to be known as growth
rate control (18, 19). The notion that (p)ppGpp is the key determinant of the cellular
content of RNA was first based on measurements correlating the fraction of total
transcripts devoted to rRNA synthesis with the abundance of (p)ppGpp at different
balanced growth rates (20, 21). More recently, the (p)ppGpp® state was shown to result
in constitutive, high RNA/protein and RNA/DNA ratios independent of balanced growth
rates, while artificially increasing (p)ppGpp basal levels without stress mimics growth
rate control (12). This behavior is taken to suggest that (p)ppGpp is both necessary and
sufficient for the regulation of the cellular contents of RNA and protein as a function of
the growth rate. The mechanism by which this occurs was subsequently rigorously
attributed to (p)ppGpp inhibition of rRNA promoters since constitutive overexpression
of apparently normal, mature rRNA could be documented at all growth rates (12).

Incremental elevations of predominantly either ppGpp or pppGpp basal levels
without stress have been achieved by the progressive induction in E. coli of heterolo-
gous (streptococcal) ppGpp synthetase fragments combined with genetic manipulation
of GppA (guanosine pentaphosphatase), which mediates the conversion of pppGpp to
ppGpp (22). This revealed that even modest elevations of ppGpp basal levels are
sufficient to slow growth, with ppGpp found to be a more potent regulator than
pppGpp (22). This difference in potency was retained for several other in vitro and
cellular assays of ppGpp regulation, including rRNA promoter (rrnB P1) activity (22).

Our primary concern here is to explore the role of (p)ppGpp as a possible regulator
of chromosomal DNA synthesis initiation as a function of balanced growth rates in E.
coli. During balanced growth, the amount of DNA and the number of replication origins
per cell have been shown to directly correlate with the growth rate (20, 23, 24). There
are clear indications that (p)ppGpp can inhibit DNA replication elongation by binding
DNA primase (25-28), but our focus is on the initiation of DNA synthesis.

Replication of the E. coli chromosome initiates from a single replication origin, oriC,
and proceeds bidirectionally around the circular chromosome until the two replication
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forks meet and terminate at the terminus region (ter). During rapid growth in rich
media, the time required to complete chromosomal replication is longer than the time
for cell division. Additional rounds of replication are then necessarily initiated at the ori
region before the previous round is completed, leading to overlapping rounds of
chromosome replication (29). The abundance of DNA at the oriC region can be
normalized to the abundance of ter region DNA to give an ori/ter ratio, which provides
a quantitative estimate of initiation activity in growing cells during even small changes
in balanced growth rates.

The initial step of chromosomal DNA replication involves the ATP-dependent oli-
gomerization of DnaA that binds at repeated sites within oriC. This is followed by
transient unwinding of the DNA, loading of the DnaB helicase onto the exposed single
strands, binding of primase, and, finally, assembly of the replisome. To avoid triggering
excessive premature replication forks, hydrolysis of the ATP moiety in DnaA-ATP and
sequestration of both the dnaA promoter and oriC occur. Changes in the balance of any
of these regulatory steps can affect overlapping replication cycles or multifork replica-
tion (for reviews, see references 30 to 33). Nevertheless, while a modest 2-fold inhibition
of dnaA transcription by (p)ppGpp has been repeatedly observed (16, 34), this 2-fold
change of DnaA levels has been argued as not being enough to affect ori/ter ratios
(35, 36).

A fundamental question is how DNA synthesis is regulated as a function of varying
balanced exponential growth. Population-averaged measurements of bacterial mass
and DNA replication initiation frequencies over a range of growth rates resulted in the
long-standing hypothesis that the bacteria initiate replication once they reach a
constant, critical mass (37). In this study, we compare ori/ter ratios for wild-type (WT)
and (p)ppGpp° cells as a function of balanced growth rates. With wild-type cells, we
verify a monotonic decrease in the rate of DNA initiation that occurs as cells grow more
slowly, which is accompanied by a proportionate decrease in cell mass at lower growth
rates. In striking contrast, cells lacking (p)ppGpp maintain high frequencies of DNA
synthesis initiation regardless of whether balanced growth rates are high or low. These
persistent high rates of DNA initiation independent of the growth rate in (p)ppGpp®
cells are accompanied by a constant cell mass, estimated as dry weight.

RESULTS

(p)ppGpp is necessary for inhibition of DNA synthesis initiation. To measure
DNA synthesis initiation, ratios of the E. coli origin (ori)) DNA and terminus region (ter)
DNA were determined by quantitative PCR (qPCR). Different growth rates (u) for E. coli
strain MG1655 and its derivative (p)ppGpp° strain (CF10237) were achieved using the
same media as the ones previously reported (12) (growth rates and medium conditions
are shown in Table S1 in the supplemental material). Figure 1 shows that the known
direct correlation between growth rate and chromosomal DNA synthesis initiation
(ori/ter ratio) for WT cells is abolished in (p)ppGpp° cells. During fast growth in rich
media, such as LB (u = 2.3 h™), multifork initiation of WT chromosomal replication
results in a high ori/ter ratio of 4.3 = 0.35. The same cells growing slowly in poor media
(u = 0.52 h™") show low ori/ter ratios approaching 1 (1.7 = 0.05). In fast-growing
(p)ppGpp° cells in LB (w = 1.94 h™"), the ori/ter ratio is 4.2 = 0.23, similar to the value
of 4.3 for the WT. The lowest growth rate that we can achieve for the (p)ppGpp® strain
is 0.47 h=" in minimal medium necessarily supplemented with the ¥ set of amino acids.
As mentioned above, this supplement is needed because these strains are auxotrophs
for multiple amino acids. The ori/ter ratios for slow-growing (p)ppGpp® strains
(3.6 = 0.21) are higher than that for the WT (1.7 £ 0.05). Figure 1 reveals that the linear
dependence of DNA synthesis initiation on the medium-imposed growth rate observed
for the WT strain is essentially abolished in the (p)ppGpp?° strain.

The levels of (p)ppGpp increase not only in poor media but also in the early
stationary phase. At the same time, stationary phase is known for the lack of cellular
replication; therefore, ratios of ori/ter were measured in WT and (p)ppGpp° cells grown
in LB at exponential and stationary phases (Fig. S1). At stationary phase, there is a
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FIG 1 Ratios of ori/ter at different growth rates in the presence or absence of (p)ppGpp. Strains MG1655
(WT) and CF10237 [(p)ppGpp°] were grown in different media in order to achieve different balanced
growth rates (see Table S1 in the supplemental material), and ori/ter ratios were measured by qPCR. Error
bars represent the SD from 2 biological replicates and 3 technical replicates. The P values were calculated
by comparing the values to the highest growth rate (LB) for each strain. All samples of the WT strain are
significantly different, with a P value of <0.01, while the (p)ppGpp® samples are not significantly different
(P value of >0.01).

decrease of the ori/ter ratio up to 1 in WT strains, but it stays elevated (up to 4) in
(p)ppGpp° strains. These data seem consistent with a regulatory role for (p)ppGpp as
being necessary to inhibit the initiation of DNA replication. The persistence of high
ori/ter ratios in slow-growing (p)ppGpp° cells could be due to higher levels of ori, lower
levels of ter if termination is somehow impaired, or both. Next-generation sequencing
(NGS) has been used by others to detect aberrant fork dynamics or inappropriate
replication stalling or blockage near the ter site (38). When performing NGS on WT
genomes grown in rich medium, higher reads per million of the ori region are observed
than for the ter region (Fig. 2). This difference is consistent with multifork replication.
The same WT strain grown in poor medium resulted in values for reads per million that

Rich media Poor media
<
S
=8
I
a$
[
26
Se
o
(8}
c
» 23
g Ege
[C) =
Qo g9
o 2
—_ n =
o - ©
S £
o
(8}
0 1 2 3 4 0o 1 2 3 4
Genome position (Mb) Genome position (Mb)

FIG 2 Next-generation sequencing (NGS) profiles for WT and (p)ppGpp-deficient strains. Strains were
grown in rich medium (LB) or poor medium (M9 with the X set and 0.2% glucose). The total read count
was corrected per million reads and normalized to the number of ter region reads. Both the ori and ter
regions are shaded in gray. Locally estimated scatterplot smoothing (LOESS) regression curves are shown
in red.
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FIG 3 (p)ppGpp is sufficient to inhibit initiation of DNA replication, probably involving gene expression.
(A) Strains with increased (p)ppGpp basal levels due to (p)ppGpp hydrolase defects (MG1655 [WT],
CF17960 [SpoT202], and CF17961 [SpoT203]) were grown in LB, and ori/ter ratios were determined. The
line shows the relation between the ori/ter ratio and the growth rate observed for the WT growing in
different media (Fig. 1). A chi-square goodness-of-fit test was used to determine that the samples follow
the WT pattern with a 98.1% probability. (B) Strains lacking (p)ppGpp but containing RNA polymerase
phenocopy mutants that mimic the presence of (p)ppGpp. Mutant alleles rpoB-A532A (CF11760) and
rpoB-T563P (CF11768) suppress the amino acid requirements of (p)ppGpp° hosts and allow growth in M9
glucose minimal medium. Under these conditions, the ori/ter ratios are lowered to approximate values
found for a slow-growing WT strain. The solid line reflects the relation between ori/ter ratios and growth
rates for the WT strain. The dashed line reflects the relation for (p)ppGpp° strains without rpoB mutations,
varying balanced growth rates when grown in different media, as shown in Fig. 1. A chi-square
goodness-of-fit test was used to determine that the samples follow the WT pattern with a 93.3%
probability. Error bars represent the SD from 2 biological replicates and 3 technical replicates.

remained constant over the entire genome. In the (p)ppGpp®° strain, multifork replica-
tion seems independent of the growth rate, which reinforces the qPCR data shown in
Fig. 1. The ter region shows neither these anomalies nor inappropriate stalling. The
effects of (p)ppGpp on ori/ter ratios seem to be preferentially exerted on the ori region,
as expected if (p)ppGpp might inhibit initiation.

(p)ppGpp is sufficient for inhibition of DNA synthesis initiation. It has been
previously observed that (p)ppGpp abundance controls balanced growth rates, in the
sense that artificially elevating (p)ppGpp levels per se provokes slower growth without
stress, even in rich media (12). This behavior led us to ask if artificially elevated
(p)ppPGpp levels are also sufficient to inhibit the initiation of DNA replication. Therefore,
ori/ter ratios were compared between the WT and the two hydrolase mutants (spoT202
and spoT203), with constitutive 4-fold and 8-fold increases of (p)ppGpp basal levels
above those of the wild type, respectively (13). Figure 3A reveals that the mutant-
mediated elevations of basal (p)ppGpp levels in LB decrease both growth rates and
ori/ter ratios. Moreover, comparison of the data in Fig. 1T and Fig. 3A reveals that the
relationship of ori/ter ratios and growth rates when (p)ppGpp levels are manipulated
with the spoT alleles is similar to the correlation found when growth rates are deter-
mined by medium composition, consistent with the notion that WT growth rates are
responding to (p)ppGpp basal levels, even in rich media.

While ppGpp and pppGpp are known to inhibit balanced growth rates, manipula-
tions that lead to the accumulation (arabinose inducible) of predominately one or the
other reveal that ppGpp is a more potent inhibitor of the growth rate than pppGpp
(22). The effects of the preferential accumulation of each analog were measured on
ori/ter ratios with increasing levels of arabinose, as shown in Fig. S2. As previously
observed (22), ppGpp has a more potent ability to reduce the growth rate for a given
concentration of arabinose than pppGpp. Both nucleotides inhibit DNA replication
initiation in proportion to the resulting growth rate.

Inhibitory effects of (p)ppGpp on initiation of DNA replication are also found
with RNA polymerase suppressor mutants in the absence of (p)ppGpp. Spontane-
ous RNA polymerase mutants can be isolated that allow the growth of (p)ppGpp®° cells
in minimal media, suppressing the (p)ppGpp°® multiple-amino-acid requirements (15).
Suppression can be viewed as altering the conformation of RNA polymerase to phe-
nocopy the regulatory effects of (p)ppGpp on the transcription of amino acid biosyn-
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FIG 4 (p)ppGpp effects on DNA initiation are not due to rrn operons but possibly are due to changes
in gyrase expression. (A) ori/ter ratios of the A7 rrn strain and its (p)ppGpp°® mutant plotted against
growth rates. The lines represent the relation between ori/ter ratios and growth rates for the WT and
(P)pPGpp° strains shown in Fig. 1. A chi-square goodness-of-fit test was used to determine that the
samples follow the pattern shown in Fig. 1 with a 99% probability. (B) Influence of growth rate on relative
gyrA gene expression for WT and (p)ppGpp-deficient strains. Strains MG1655 and CF10237 were grown
in the following media: LB, medium A plus 0.2% glucose and all amino acids, and M9 medium plus 0.2%
glucose and the 3 set. The WT strain was also grown in M9 medium plus glucose, and the (p)ppGpp
strain was grown in M9 medium plus 0.2% glucose and all amino acids. The expression level of the dnaA
gene was determined by RT-PCR. The values plotted are normalized to the value for the fastest-growing
WT strain. The P values were calculated by comparing the values to the highest growth rate (LB) for each
strain. All samples of the WT strain are significantly different, with a P value of <0.01, while the (p)ppGpp°
samples are not significantly different (P value of >0.01). Error bars represent the SD from 2 biological
replicates and 3 technical replicates.

thetic pathway genes (10). Two such mutants (rpoB-A523A and rpoB-T563P), first found
by Jin and Gross (39), were employed previously in (p)ppGpp° hosts to document their
effects on the regulation of rRNA content as a function of balanced growth rates (12).
Evidently, these two rpoB alleles also lower ori/ter ratios in the (p)ppGpp° strain grown
on minimal medium (Fig. 3B) and therefore also suppress the high ori/ter ratios
characteristic of the (p)ppGpp° strain with wild-type RNA polymerase (Fig. 1). Since
these same RNA polymerase mutant suppressor alleles can also mimic positive tran-
scription regulation by (p)ppGpp, this phenocopy suggests that (p)ppGpp also acts by
altering RNA polymerase gene expression rather than binding directly to components
of the replisome as seen with other proteins (17).

The high rates of initiation of chromosomal DNA replication in the absence of
(p)ppGpp are not an indirect consequence of topological perturbations due to
(p)ppGpp inhibition of rrn operon transcription transmitted to the ori region.
Recently, it has been proposed that the mechanism of (p)ppGpp inhibition of DNA
initiation is primarily an effect of (p)ppGpp inhibition of the transcription of the seven
E. coli rrn operons, which indirectly increases oriC superhelical density so as to retard
the strand separation required for the initiation of replication by DnaA (36). In these
experiments, induction of (p)ppGpp to high levels was achieved either by adding serine
hydroxamate (SHX) to inhibit serinyl-tRNA charging or by inducing relA expression on
a multicopy plasmid. We attempted to test one aspect of this hypothesis, namely, the
prediction that active rrn operons, in particular the rrnC operon that is a close neighbor
of oriC, must be present on the same chromosome as the ori locus for (p)ppGpp
regulation to occur. We employed a strain that has all seven rrn loci deleted, including
their (p)ppGpp-sensitive promoters. The strain is viable only because of constitutively
expressed genes carried on two compatible multicopy plasmids. A single rrnB operon
is present on one plasmid, and several rrn intragenic tRNA genes are present on the
other. We also constructed a (p)ppGpp° derivative of this strain with deletions of the
spoT and relA genes and confirmed its inability to grow on minimal media.

Figure 4A shows that when the source of all rRNA transcription is a plasmid rather
than the host chromosome (referred as A7 rrn), both WT and (p)ppGpp? strains retain
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FIG5 (p)ppGpp deficiency alters the normal dependence of cell mass on growth rate. (A) Measurements
of the cellular dry-weight estimates of mass as a function of growth rate variations achieved with
different media (see Table S1 in the supplemental material. The wild-type strain is MG1655, and the
(p)pPGpp° strain is CF10237. The P values were calculated by comparing the values to the highest growth
rate (LB) for each strain. All samples of the WT strain are significantly different, with a P value of <0.01,
while the (p)ppGpp° samples are not significantly different (P value of >0.01). (B) Correlation between
cell mass and ori/ter ratios. Correlation coefficients are 0.983 for the WT and 0.288 for the (p)ppGpp°
strain. Error bars represent the SD from 2 biological replicates.

the relationship between growth rates and ori/ter ratios seen in the strains containing
the ribosomal operons in the chromosome (Fig. 1). This provides a strong argument
that regulation by (p)ppGpp does not require one or more ribosomal operons to be
present in cis with oriC.

(p)ppGpp inhibits gene expression of DNA gyrase and topoisomerase IV. Since
supercoiling is clearly involved in (p)ppGpp effects on DNA replication initiation (36)
but evidently not due to cis-dependent transmission of (p)ppGpp inhibition of rrn
transcription, we decided to ask if the expression of factors responsible for increasing
or decreasing supercoiling might be affected by (p)ppGpp (Fig. S3). While (p)ppGpp
seems to only mildly affect the gene expression of topoisomerase | (topA), it strongly
represses the expression of gyrase (gyrA) and topoisomerase IV (parC) during stationary
phase. Therefore, we asked if variations in the expression of gyrA at different growth
rates respond to (p)ppGpp (Fig. 4B). In the WT strain, gyrA expression decreases as a
function of the growth rate, but in the absence of (p)ppGpp, it remains quite constant,
which is similar to observations for ori/ter ratios (Fig. 1). The observed gyrA expression
levels correlate with ori/ter ratios (Fig. S4) in the presence or absence of (p)ppGpp
(correlation coefficients of 0.97 and 0.94, respectively). Although DNA replication
initiation is a highly regulated process involving many factors, our data can be taken to
suggest that (p)ppGpp could affect ori/ter ratios by controlling gyrase gene expression.

Cell mass is also affected by (p)ppGpp. A strong correlation exists between cell
mass and growth rate, which led to the hypothesis that cells require the accumulation
of a critical mass before they divide (37). We asked if (p)ppGpp might alter the cell mass,
estimated as dry weight, again comparing WT and (p)ppGpp® strains, while varying the
growth rate as in Fig. 1. The data in Fig. 5A reaffirm the correlation between cell mass
and growth rate in wild-type cells. In contrast, for the (p)ppGpp® strain, the cell mass
becomes independent of the growth rate (Fig. 5A). Instead, the cell mass of the
(p)ppGpp° strain remains constant at about half of the range displayed by WT cells. If
cell mass estimates are plotted against the corresponding ori/ter ratios instead of
growth rates, as in Fig. 5B, then a linear correlation is observed for the WT strain
(correlation coefficient of 0.98), indicating a three-way correlation. In the absence of
(P)ppGpp, the correlation between the cell mass and the ori/ter ratio disappears
(correlation coefficient of 0.29).

A similar behavior is suggested by observations of effects of growth rate on cell size
in (p)ppGpp° strains (Fig. S5), despite considerable variability in the absence of
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TABLE 1 Number of chromosomes per cell of WT and (p)ppGpp® strains grown in rich
and poor media measured by flow cytometry@

% of cells with no. of chromosomes

Strain No. of chromosomes Rich medium Poor medium

WT 1 013
2 17.35
4 0.83 73.40
8 84.15 9.00
16 14.45 0.07

(P)PPGPpP° 1 536
2 18.40
4 0.15 45.25
8 27.30 29.65
16 70.15 1.36

aData are presented as percentages of cells from Fig. S6 in the supplemental material. The average numbers
of chromosomes per cell in rich medium and poor medium were 9.07 and 4.02, respectively, for the WT
and 13.55 and 4.82, respectively, for the (p)ppGpp° strain.

(p)ppGpp. It is noteworthy that (p)ppGpp° cells show cell division defects accompanied
by abnormal filamentation (7, 9), as shown in Fig. S5C. While there is evidently a
reduction of cell size that is dependent on the growth rate in the WT strain, for the
(p)ppGpp° strain, no statistically significant differences are found (Fig. S5A).

The distribution of chromosomes per cell depends on growth rate but it is not
affected by (p)ppGpp. The number of chromosomes per cell was also measured by
flow cytometry (Table 1; Fig. S6) for WT and (p)ppGpp-deficient strains comparing
growth on rich medium (LB plus Glu) with growth on poor medium (M9 medium plus
the X set and glucose). A set of standards was included to relate the number of
chromosomes to fluorescence intensity (Fig. S6, inset). This approach yields several
puzzling observations.

During fast growth in rich medium, up to 84% of WT cells have 8 chromosomes,
while up to 70% of (p)ppGpp° cells have 16 chromosomes (Table 1; Fig. S6). This occurs
even though the ori/ter ratios during fast growth are nearly the same (Fig. 1).

For slow growth, although (p)ppGpp®° cells have more chromosomes per cell than
do WT cells [29% of (p)ppGpp° cells have 8 chromosomes, compared to 9% of WT cells],
most of the cells of both strains [73% of WT and 45% of (p)ppGpp° cells] have 4
chromosomes (Table 1; Fig. S6). In the presence or absence of (p)ppGpp, cells growing
in rich medium have a higher average number of chromosomes per cell than when
growing in poor medium [9.07 versus 4.02 for the WT and 13.55 versus 4.82 for the
(p)ppGpp° strain]. This suggests that the number of chromosomes per cell depends on
the growth rate, independent of the presence or absence of (p)ppGpp. (p)ppGpp° cells
have similar ori/ter ratios in rich and poor media (Fig. 1), but they have different
numbers of chromosomes per cell (Table 1), suggesting differences in the rate of
synthesis of DNA.

It is also noticeable that the total numbers of cells analyzed in (p)ppGpp® strains are
half those of the WT. The reason for this is unknown, but it could be due to cephalexin
sensitivity differences. The (p)ppGpp® strains are twice as sensitive to cephalexin as the
WT (40).

(p)ppGpp can be important to maintain a constant initiation mass. Our data
allow comparisons of several cell cycle parameters for WT and (p)ppGpp® cells grown
in rich and poor media. Figure 6A shows that the C period (time required to complete
a round of replication) for the WT, as expected, remains similar in both media (40 to
50 min). However, the C period increases nearly 3-fold (43 to 135 min) during slow
growth in the absence of (p)ppGpp, as predicted based on the flow cytometry data. For
WT cells, the D period (time between the end of replication and cell division) increases
in poor medium (42 min compared to 22 min) (Fig. 6B), while the D period for
(p)ppGpp° does not change much. For WT cells, measurements of the initiation mass
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FIG 6 Growth parameters of WT and (p)ppGpp?° strains in rich and poor media. (A and B) The lengths
of the C period (A) and the D period (B) were measured as described previously (66). (C) Initiation mass
was measured as described previously (67). Values significantly different with a P value of <0.01 are
marked with *, while those not significantly different (P value of >0.01) are marked with n.s. (not
significant).

remain constant and independent of growth (Fig. 6C), as classically described (41). In
the absence of (p)ppGpp, the initiation mass increases up to 7-fold (0.006 for slow
growth to 0.045 for fast growth) (Fig. 6C).

DISCUSSION

The exponential rates of Escherichia coli growth determined by media with all
components present in excess but utilized with different efficiencies can be predicted
to require a myriad of subtle adjustments. Slowly emerging evidence over the past 50
years suggests that (p)ppGpp plays increasingly generalized roles, with subtle, as well
as major, adjustments (Fig. 7). Initially, (p)ppGpp was a contested participant linking
these adjustments to charged tRNA availability, later to carbon source availability, later
still to robust lipid metabolism, and finally to extended rRNA synthesis and ribosome
formation. It was appreciated as being critical for controlling the growth rate and rRNA
synthesis (20). Later evidence, using methods similar to those described here, linked
basal (p)ppGpp levels to the cellular ribosome content (12, 22).

The experiments here suggest that (p)ppGpp also plays a key role as a regulator of
the initiation of DNA replication (Fig. 1). The regulation of cellular mass as a function of

) 45,46
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elongatlon
/ Ribosomes"™
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l“ l L Cell Envelope™ *
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Growth rate

Bacterial
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Negative supercotllng 53
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DNA replication

FIG 7 Large array of effects of (p)ppGpp on diverse cellular processes. Numbers correspond to the
references shown in the text (9, 11, 12, 16, 17, 25, 34, 36, 43-46, 48-54). Arrows represent positively
regulated pathways, while crossed lines are negatively regulated pathways. AA, amino acid biosynthesis;
Ac-P, acetyl-phosphate.
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the growth rate can also be dependent on (p)ppGpp, although both phenomena seem
to be regulated by different pathways (Fig. 5). As a simplistic model, it can be
hypothesized that (p)ppGpp could control cellular size by controlling phospholipid
production (42-44), while effects on ori/ter ratios occur through modifying ori region
DNA topology (36) through changes in the expression of gyrase (Fig. 4B; see also Fig. S3
in the supplemental material). However, the coordination of chromosomal DNA initi-
ation with the growth rate and cellular mass is a complex process, and it seems likely
that the cumulative effects of diverse adjustments might combine to modulate major
determinants (Fig. 7).

The RelA and SpoT proteins cooperatively sense environmental changes to increase
the (p)ppGpp levels (3, 45, 46), which will limit active ribosome content (12, 22, 47), that
are a major contributor to growth rate control. Both the synthesis and uptake of
precursors are regulated by (p)ppGpp (9, 11, 17, 48), resulting in the control of DNA,
RNA, and protein. Moreover, central metabolism is also controlled by (p)ppGpp (49-52).
Mutations in central metabolism genes such as tktB, pgi, and pta change the thermo-
sensitivities of dnaB8, dnaE486, and dnaA46 mutant alleles, respectively (53), but these
mutations do not seem to affect DNA replication initiation (Fig. S7A). These mutants
show similar ori/ter ratios as those observed in the WT with different rates of balanced
growth (Fig. S7A).

The question arises as to whether the effects of (p)ppGpp are also exerted on dnaA
promoter activity at different growth rates (Fig. S7B). Up to 2-fold increases in dnaA
mRNA levels have been reported in the absence of (p)ppGpp (16, 34). Our observations
suggest that growth rate control over dnaA expression persists even in the absence of
(P)pPGpp (Fig. S7B). It is noteworthy that the acetylation of a DnaA lysine in the ATP
binding domain by acetyl-phosphate affects its ability to bind to the origin (54). Since
the levels of acetyl-phosphate are proportional to the levels of (p)ppGpp (52), it is
possible that (p)ppGpp could change the levels of acetylation of DnaA and affect DNA
replication initiation. However, we find that ori/ter ratios at different growth rates are
unchanged with a pta mutant deficient for acetyl-phosphate production (Fig. S7A) as
well as with an ackA-pta double mutant that abolishes acetyl-phosphate formation. The
control of DNA replication initiation by (p)ppGpp seems not to involve the acetylation
of DnaA. However, under some other condition, a combination of these effects might
contribute to the control of the initiation of DNA replication.

Recently, inhibition of DNA replication by high (p)ppGpp levels was hypothesized to
be indirectly due to inhibition of rRNA gene transcription that changes the DNA
topology neighboring the ori sequences (36). However, we find that (p)ppGpp inhibi-
tion of initiation persists even when chromosomal rRNA operons are deleted and
instead expressed on a separate plasmid, which persists whether (p)ppGpp is present
or absent (Fig. 4A). Inhibition of topoisomerase | seems to bypass the negative effect of
(p)pPGpp on DNA replication, suggesting that the (p)ppGpp effect is due to a decrease
of negative supercoiling (36). Both gyrase and topoisomerase IV are able to reduce
positive supercoiling, at the same time that gyrase introduces negative supercoiling
(55). Our data show that (p)ppGpp has no effect on topoisomerase | expression, while
it inhibits the expression of gyrase and topoisomerase IV (Fig. S3). At the same time, the
levels of gyrase seem to correlate with ori/ter ratio measurements in both the presence
and absence of (p)ppGpp (Fig. 4B), suggesting a possible mechanism of action. Further
studies are required.

The ori/ter ratios (Fig. 1) show that (p)ppGpp-deficient strains contain multiple
replication forks in poor medium, but the numbers of chromosomes per cell (Table 1)
are similar to WT numbers. At the same time, C periods of these cells are extremely long
(up to 135 min), suggesting that DNA replication elongation has been slowed. This
could not be a direct effect, because (p)ppGpp inhibits DNA primase in vitro, and higher
elongation rates would be expected; however, in vitro effects seem to be masked in vivo
(26). The lower elongation rates could instead result from stalled RNA polymerase
complexes that slow DNA replication elongation (56, 57). Since these events are not
evident from the NGS experiments (Fig. 2), they are judged to either occur at random
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widespread sites instead of a small number of specific chromosomal sites or not be
severe enough to be detected. Notably, these lower elongation rates seem to be
dependent on growth rates but must be independent of (p)ppGpp because they are
observed in the absence of (p)ppGpp.

The general growth law was defined under certain constraints, and our study
employed the same parameters to compare effects in the presence and absence of
(p)pPGpp. This includes sampling at low cell densities (Aqq, of =0.2) during balanced
exponential growth, where growth rates are determined only by the ability to use
nutrients present in excess. Different media have been used in this study (Table S1),
with different compositions: while LB is an undefined medium, A and M9 media differ
in their contents of micronutrients. Although small effects might well be attributed to
medium differences, growing cells adapt but are never starved, keeping with the
classically defined constraints. In minimal media with a carbon source but without
amino acids, E. coli can reproduce itself from salts available in the media. In contrast to
this classical way of altering the growth rate, quite different regulatory effects can result
from starvation for one or more specific nutrients that delay or avoid the severe
consequences of starvation, stasis or cell death (58). Protocols for nutrient starvation
can entail either abrupt removal, steady-state limitation (chemostat), or exhaustion.
Changing of the growth rates by other means, such as temperature, antibiotics, or
overexpression of proteins, does not result in the classical correlations (20, 59), for
example, the use of chloramphenicol (Cm) to reduce protein synthesis, which blocks
the consumption of charged tRNAs and reduces the levels of (p)ppGpp. In a previous
study (59), the authors used chloramphenicol to reduce the growth rate, and they
observed a constant cell size, mass, and amount of DNA and RNA per cell. However,
under those conditions, a drop in the levels of (p)ppGpp is expected, resulting in results
similar to the ones observed in (p)ppGpp° strains. Blocking of serinyl-tRNASe" acylation
with serine hydroxamate (SHX) forces the accumulation of excessive levels of (p)ppGpp
and also disallows normal feedback mechanisms, such as restoration of charged
serinyl-tRNA ratios due to protein synthesis inhibition. The physiological consequences
can be to activate more severe stress survival regulatory circuits rather than adaptation.

In this study, we have seen that (p)ppGpp is necessary and sufficient to inhibit DNA
replication initiation in E. coli, probably due to changes in the expression of gyrase and
topoisomerase |V that would alter supercoiling around the origin. As mentioned above,
(p)ppGpp is present in all bacteria and plants; therefore, further studies are warranted
to determine if it is an evolutionarily conserved mechanism. Also, it will be interesting
to determine which other effects associated with (p)ppGpp require changes in the
supercoiling state of the chromosome.

MATERIALS AND METHODS

Media and growth conditions. Strains and plasmids used in this study are listed in Table S2 in the
supplemental material. M9 minimal medium was prepared as described previously (12), and minimal A
medium was described previously (60). After experiments with (p)ppGpp? strains, the low frequency of
suppressor mutants that had gained the ability to grow without amino acids was verified as being below
levels that would alter results (12). The following required antibiotics were added: 20 ug/ml kanamycin
(Km), 20 ug/ml chloramphenicol (Cm), and 15 ug/ml tetracycline (Tc).

ori/ter measurements. The ratios of ori to ter were measured by qPCR. Two independent cultures
(25 ml in 125-ml flasks) for each strain and each growth condition were grown with aeration at 37°C to
an Agyo of 0.2, 10-ml samples were harvested by centrifugation, and the pellets were frozen. DNA was
isolated with TRIzol (Thermo Fisher) as indicated by the manufacturer and fragmented with EcoRl. Traces
of RNA were removed with RNase T1. The regions of ori and ter were amplified with SYBR green PCR
master mix from Applied Biosystems in a LightCycler 480 instrument using 200 ng of template DNA with
the primers listed in Table S3. The 274°r method (61) was used to calculate ori/ter ratios, where AC; is
the threshold cycle (C;) value for the ori region subtracted from the C; value for the ter region. Means
and standard deviations (SD) of data from 3 technical replicates for each biological duplicate were
calculated (6 values in total).

Next-generation sequencing. Two independent cultures of each strain were grown under the
conditions described above, and cell pellets were frozen. Pellets were resuspended in 1 ml GTE (0.9%
glucose, 25 mM Tris-HCl [pH 8.0], 10 mM EDTA) with lysozyme and RNase T1 and incubated for 10 min
at 37°C. Next, 0.6% SDS was added, and the cells were incubated at 37°C until cell lysis, usually less than
2 min. The DNA was then purified with phenol-chloroform (62) and quantified with the Qubit double-
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stranded DNA (dsDNA) BR assay kit, and 250ng of DNA was used for fragmentation and library
preparation with the Nextera DNA library prep kit (Illumina). Libraries were sequenced using the lllumina
NextSeq500 system. BCL files were converted to FASTQ format using bcl2fastq conversion software
(Illumina) and uploaded to the Galaxy server, where TrimGalore was used to eliminate adaptors. Reads
were mapped with Bowtie2 for Illumina (63, 64). The resulting BAM file analyses were performed using
SegMonk software (http://www.bioinformatics.babraham.ac.uk/projects/seqmonk/). A set of running
1-kb windows with a step size of 1kb was generated to analyze the number of reads, which was
corrected for the total read count per million reads. Duplicates were counted only once.

Dry-weight measurements. Two independent cultures for each strain and growth condition were
grown as described above but with 250-ml flasks to an Ag, of 0.2. Next, 40-ml samples were pelleted,
resuspended in 1 ml of phosphate-buffered saline (PBS), and transferred into a previously weighed 1.5-ml
microcentrifuge tube. The pellet was quickly washed 3 times with PBS (1 min/wash) and finally dried in
a heating block (90°C) for at least 24 h. Tubes were again weighed, the empty-tube weight was
subtracted, and values were normalized to the culture volume.

Confocal microscopy and cell size measurements. Cells were grown at different growth rates as
described above, and 500 ul of cultures at an A4y, of 0.2 to 0.3 was fixed with 100 ul of fixative solution
consisting of 1 ml of 16% paraformaldehyde, 6.25 ul of 8% glutaraldehyde, and 20 ul of 1T M Na,HPO,
buffer (pH 7.4). Samples were incubated for 15 min at room temperature and then for 30 min on ice. After
fixation, cells were centrifuged, washed three times in 1 ml of 1X PBS (pH 7.4), and then resuspended
in 100 ul of GTE (0.9% glucose, 25 mM Tris-HCl, 10 mM EDTA [pH 8.0]), and the fixed cells were stored
overnight at 4°C (43). The fixed cells were stained the next day, first with BODIPY TR dye (Thermo Fisher)
for 30 min at 4°C and then with Hoechst dye (Thermo Fisher) for 5 to 7 min at room temperature. Finally,
the excess dye was removed by washing with PBS. Stained cells (100 wl) were mixed with 200 ul of
melted 1% low-melting-point agarose (liquified at 37°C), and the cells were immobilized by applying the
agar to a 35-mm glass-bottom dish. Multifluorescence images were acquired at two different laser
wavelengths (405 nm for Hoechst dye and 561 nm for BODIPY TR dye). Imaging was performed with an
A64 X /oil immersion lens (numerical aperture [NA], 0.55) using a Zeiss LSM 880 confocal microscope. Cell
lengths and widths were determined using the MATLAB-based cell segmentation program SuperSegger
(65). To define segmentation parameters that would enable the measurement of elongated (p)ppGpp®
cells that are present under some growth conditions, we used the SuperSegger training GUI (graphical
user interface) to train the program to a data set of phase-contrast images of (p)ppGpp® cells cultured
in LB. Cells cultured in each medium were then segmented using the “fluorescence segmentation”
function and the newly trained segmentation parameters. Segmented images were checked manually,
and cells that were incorrectly segmented by the software were removed from the data sets. Cell
volumes were calculated assuming shapes of geometrical cylinders with two hemispherical ends for
rod-shaped cells. Between 100 and 200 cells were analyzed for cell size for each growth rate.

Flow cytometry. Cultures were grown in medium supporting either low or high balanced expo-
nential rates for 4 to 5 generations before sampling at an Ay, of 0.15 and treated with 300 ug/ml of
rifampin (Sigma-Aldrich) and 10 mg/ml of cephalexin (Sigma-Aldrich) for 4 to 5h. Samples were then
harvested, resuspended in TE buffer (20 mM Tris-HCI [pH 7.5], 1 mM EDTA), fixed in 70% ethanol, and
stored at 4°C. For flow cytometry, fixed cells were washed once in 50 mM trisodium citrate, resuspended
in the same buffer containing 5 ug/ml RNase (Sigma-Aldrich), and shaken for at least 3 h before staining
of DNA with Sytox dye (Thermo Fisher). Samples of bacteria containing 1, 2, 4, and 8 chromosomes were
used as internal standards. Flow cytometry analysis was performed using a FACSCalibur flow cytometer
(Becton, Dickinson) equipped with a 488-nm argon ion laser. The data obtained from the flow cytometry
measurements were processed with FlowJo software from Tree Star, Inc.

Gene expression determination by RT-qPCR. Expression levels of dnaA, gyrA, topA, and parC were
determined by reverse transcription-qPCR (RT-gPCR). Briefly, 2 independent cultures for each strain were
grown to an Agy, of 0.2, at which time samples were subjected to RNA isolation with TRIzol (Thermo
Fisher) as indicated by the manufacturer. The RNA samples were retrotranscribed into cDNA using the
high-capacity cDNA reverse transcription kit from Applied Biosystems, and target genes were amplified
with SYBR green PCR master mix from Applied Biosystems in a LightCycler 480 instrument. Relative gene
expression was determined with the comparative C; method described above (61), with 3 technical
replicates (6 values under each experimental condition). The gadA gene was used as an internal control.
Primers used in this study are listed in Table S3.

Statistical analysis. Statistical analysis was carried out with the use of Microsoft Excel for Office 365
MSO. To determine whether two samples are significantly different, Student’s two-tailed t test was used
(employed in Fig. 1, Fig. 4B, Fig. 5A, Fig. 6, Fig. S1, Fig. S3, Fig. S5A, and Fig. S7B). To determine if samples
follow a described pattern, a goodness-of-fit (chi-square) test was used (employed in Fig. 3, Fig. 4A,
Fig. S2, and Fig. S7A). The coefficient of correlation was determined for data in Fig. 5B, Fig. S4, and
Fig. S5B.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, TIF file, 0.4 MB.
FIG S2, TIF file, 0.6 MB.
FIG S3, TIF file, 0.8 MB.
FIG S4, TIF file, 0.4 MB.
FIG S5, TIF file, 2.6 MB.
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